1. Introduction
===============

During bone fracture healing, the coupling of osteogenesis and angiogenesis plays a pivotal role in maintaining bone metabolism balance. The process of vascularization occurs during different stages of bone development and regeneration. Newly formed vessels deliver nutrients, oxygen, osteoblast progenitor cells, and other essential regulatory factors to support bone formation. Osteoblasts secret angiogenic factors, such as vascular endothelial growth factor (VEGF) and angiopoietin (ANG), that further promote vascular formation.^\[[@R1],[@R2]\]^ During bone regeneration, angiogenesis precedes osteogenesis.^\[[@R3]\]^ Despite the significant regenerative capacity of bone, approximately 5% of the patients experience delayed union or nonunion after a fracture.^\[[@R4]\]^ A sufficient blood supply is indispensable for successful bone fracture healing, and the study has demonstrated that the nonunion rates of fractures with large vascular injuries are much higher than global nonunion rates (46% vs 10%).^\[[@R5]\]^ In addition, animal experiments have shown that inhibition of angiogenesis after a fracture results in fibrous scar tissue formation, resembling that seen when nonunion occurs in humans.^\[[@R6]\]^

Low-intensity pulsed ultrasound (LIPUS) has been approved as a noninvasive treatment for fresh fractures by the US Food and Drug Administration. The study has shown that LIPUS increases bone volume and bone callus formation, and is effective for treating delayed union and nonunion.^\[[@R7]--[@R10]\]^ Several previous studies have investigated the effects of LIPUS using monoculture systems of endothelial cells and osteoblasts. However, these culture systems are limited in that the interaction between endothelial cells and osteoblasts cannot be investigated. Specifically, the process of angiogenesis and osteogenesis cannot be evaluated in a monoculture cell system at the same time. To overcome this limitation, coculture systems have been developed to investigate the interaction of paracrine signaling and cell-to-cell communication.^\[[@R11]\]^

Studies have documented the positive effect of LIPUS on bone metabolism and regeneration, and that sufficient blood flow in the fracture area leads to greater angiogenesis and osteogenesis.^\[[@R12]\]^ However, few studies have investigated the link between LIPUS and angiogenesis during bone repair. Our previous study demonstrated that enhanced microvessel proliferation was accompanied with accelerated spinal fusion with LIPUS stimulation. However, mechanism of the effect of LIPUS on angiogenesis and osteogenesis is still unknown.

The purposes of the present study were to determine if the media of endothelial cells subjected to LIPUS influenced osteoblast proliferation and differentiation, and determine the role of the media in osteoblast differentiation.

2. Methods
==========

2.1. Cell culture
-----------------

Human osteosarcoma cells MG-63, which act like osteoblasts, and human umbilical vein endothelial cells (HUVECs) were cultured in high glucose DMEM (Gibco, CA) supplemented with 10% FBS (Gibco), 100 μg/mL streptomycin, and 100 μg/mL penicillin (Biolight, China) in a humidified incubator at 37°C containing 5% CO~2~. Media was changed every 2 days, and cells were resuspended and seeded at a density of 5--7 × 10^4^/mL in 6-well plates.

2.2. LIPUS stimulation
----------------------

An Exogen 2000^+^ (Bioventus Inc., Piscataway, NJ) LIPUS system was used in this study. The parameters used for stimulation were as follows: 1.5-MHz pulsed frequency, 200-μs pulse duration, 1.0-kHz repetition rate, and 30 ± 5.0 mW/cm^2^ spatial average and temporal average incident intensity. The LIPUS transducer head was centered underneath the cell culture plates, and coupling gel was carefully smeared to ensure contact between the transducer head and the plates. HUVECs in LIPUS group were treated for 20 and 40 minutes, separately. HUVECs in control group were treated with sham LIPUS stimulation for the same durations. All reagents used were analytical grade, and devices were sterilized before use. The experimental procedures were approved by the Laboratory Ethics Center of the Second Military Medical University.

2.3. Preparation of conditioned medium
--------------------------------------

HUVECs were seeded into 6-well plates at the density of 5 × 10^4^ cells/mL. Cells were cultured for 24 hours before LIPUS treatment. Then, HUVECs were treated with LIPUS for 20 and 40 minutes as described above. After LIPUS treatment, HUVECs from each group (sham, 20 minutes, and 40 minutes of LIPUS treatment) were cultured for another 24 hours before the medium was collected into centrifuge tubes. The collected culture medium was centrifuged immediately at 200 *g* in 4°C for 10 minutes. The supernatant was extracted and mixed with equal volume of fresh culture media.

MG-63 cells in 6-well plates were cultured with 2 mL of the above mixed conditioned medium for 24 hours before total RNA was extracted.

2.4. RNA extraction and qRT-PCR analyses
----------------------------------------

Trizol reagent (Invitrogen, CA) was used according to the manufacturer\'s protocol to extract MG-63 total RNA. Briefly, trizol reagent (500 μL) was added into each well and incubated at room temperature for 5 minutes. Then, 100 μL chloroform (BioLight, Shanghai, China) was added into the mixture. After 5 minutes' incubation at room temperature, samples were centrifuged at 12,000 *g* for 15 minutes at 4°C. After washed with 75% ethanol (BioLight, Shanghai, China) and air-dried in room temperature for 5 minutes, the pellet was resuspended with 20 μL nuclease-free water and total RNA was stored at −80°C for further study.

The SYBR Green PCR Master Mix (TOYOBO, Japan) was used according to the manufacturer\'s protocol to perform qRT-PCR, and detect gene expression. Primers were designed according to PubMed Primer-Blast data (Supplemental data). ABI PRISM 7700 system (Applied Biosystems, CA) was used to perform qRT-PCR. Same thermal cycle conditions were applied for all primers (60 seconds, 95°C for hot start followed by 40 cycles of 15 s/95°C; 15 s/60°C, and 45 s/72°C). *C*~T~ values were normalized with geometric mean of the endogenous control gene β-actin.

2.5. Transwell assay
--------------------

For the transwell assays, 200 μl aliquots of 2 × 10^3^ HUVECs/mL in serum-free medium were plated onto the transwell chambers of 8 μm pore, 6.5 mm polycarbonate transwell filters (Corning, NY). Then, 500 μl of DMEM medium containing 10% FBS was added to the bottom of the transwell filters. Cells were cultured for 12 hours before treatment. Cells were treated with LIPUS or/and VEGF, and cultured to migrate through the filters for 24 hours. Cells on the upper surface were wiped off with cotton swabs. Cells attached to the underside of the polycarbonate membrane were fixed in 4% paraformaldehyde for 20 minutes, and stained with 1% crystal violet for 20 minutes. The numbers of stained cells on the lower surface of the filters were quantified using a microscope. Five random fields were counted for every transwell filter.

2.6. In vitro angiogenesis assay
--------------------------------

The tube formation capacity of HUVECs on Matrigel was measured according to the Matrigel matrix protocol. Matrigel matrix (Corning, NY) was plated into precooled 96-well chambers (100 μL/well), and solidified at 37°C in 5% CO~2~ for 30 minutes. Then, 200 μL aliquots of 8 x 10^4^ HUVECs/mL were resuspended in culture medium and plated onto the Matrigel matrix in the chambers. The HUVECs were incubated at 37°C for 1 hour, and then treated with LIPUS (sham, 20 and 40 minutes). After LIPUS treatment, the HUVECs were cultured for another 8 hours to form a tube. Angiogenesis was observed with an inverted phase contrast microscope, and analyzed using NIH Image software Image J.

2.7. Statistical analysis
-------------------------

Data were analyzed using SPSS version 22.0. The results of the transwell assay and in vitro angiogenesis assay of different groups were analyzed by Student *t* test. A *P* value of \<.05 was considered to be statistically significant.

3. Results
==========

3.1. LIPUS upregulated osteogenesis-related genes expression in a coculture system
----------------------------------------------------------------------------------

The expression of osteogenesis-related genes in MG-63 cells was determined by qRT-PCR. The results showed that the expressions of Runt-related transcription factor 2 (Runx2), alkaline phosphatase (ALP), and Osterix in MG-63 cells cultured with conditioned medium (collected from LIPUS-treated HUVECs) were upregulated compared with the sham LIPUS group. In addition, the expressions of osteogenesis-related genes in the 40 minutes LIPUS group were higher than in the 20 minutes LIPUS group (Fig. [1](#F1){ref-type="fig"}). Furthermore, to understand the effect of LIPUS on angiogenesis and osteogenesis, we determined the expression of cyclin-D1. As expected, LIPUS significantly upregulated cyclin-D1 expression.

![The expression of osteogenesis-related genes was significantly upregulated. After culture with conditioned medium, the relative expressions of differentiation markers Runx2, ALP, and Osterix in MG-63 cells were upregulated. Gene expression was detected by qRT-PCR. The expression of proliferation marker cyclin-D1 was also upregulated. Expression of these genes after 40 minutes of LIPUS treatment was significantly higher than after 20 minutes of LIPUS treatment.](medi-96-e8397-g001){#F1}

3.2. LIPUS and VEGF promote the migratory potential of HUVECs
-------------------------------------------------------------

To evaluate the effects of LIPUS and VEGF on HUVEC migration, we measured the biological function of LIPUS by transwell cell migration assays. In control group, there were approximately 275.6 ± 28.4 cells per field. Although in LIPUS and VEGF group, there were 466.8 ± 43.4 and 535.4 ± 60.8 cells per field separately. Moreover, in the group with LIPUS and VEGF, 771.6 ± 74.7 cells per field were observed. These observations indicated that LIPUS and VEGF promoted the HUVEC cells migration, and the combination of LIPUS and VEGF might have synergistic effect on HUVEC migration (Fig. [2](#F2){ref-type="fig"}).

![LIPUS and VEGF promote HUVECs migration. Cell migration ability was evaluated by transwell migration assay. LIPUS significantly increased the migratory ability of HUVECs. The addition of VEGF increased the effect of LIPUS on HUVECs. ^∗^*P* \< .05.](medi-96-e8397-g002){#F2}

3.3. LIPUS promotes tube formation of HUVECs in vitro
-----------------------------------------------------

The tube formation assay was performed to investigate the effect of LIPUS on HUVEC angiogenesis potential. Forty minutes of LIPUS treatment had a pronounced influence on tube formation (8.5 ± 1.1 mm per field), and the total tube length was significantly higher than that sham (6.4 ± 0.5 mm per field) and 20-minute LIPUS (6.7 ± 0.9) treatment groups (Fig. [3](#F3){ref-type="fig"}).

![Tube formation assay for angiogenesis. Few tubes were formed in the sham LIPUS group and 20-minute LIPUS group, whereas in the 40-minute LIPUS group tubes were obviously more abundant. The total tube length in the 60-minute LIPUS group was significantly greater than in the 40-minute LIPUS group. ^∗^*P* \< .05.](medi-96-e8397-g003){#F3}

4. Discussion
=============

The results of this study support the involvement of endothelial cells in the response of bone to LIPUS stimulation, which is known to accelerate bone regeneration. We demonstrated an interaction between endothelial cells and osteoblasts with LIPUS stimulation. The studies have reported that integrins, cadherins, and actins can sense mechanical force by changes to the cytoskeleton,^\[[@R13],[@R14]\]^ which then regulates the spatial organization of different intracellular signals.

Animal studies have shown that blood vessel formation surrounding implants increases 24 hours to 1 month after implantation, which was confirmed by our previous study.^\[[@R15]\]^ Microstress has been proved to improve angiogenesis during bone fracture healing in the first 4 weeks. Yet, no significant difference of blood vessel formation was found with different mechanical forces after week 4 and week 8.^\[[@R16]\]^ This phenomenon is generally explained by the presumption that more microvessels are rapidly formed during bone formation, and the density of microvessels decreases after the bone formation phase is stable. Therefore, understanding the bilateral regulation between angiogenesis and osteogenesis is of great importance for understanding the mechanism of LIPUS-stimulated bone regeneration.

LIPUS imparts a micromechanical force as a mechanical wave that is transmitted into biological signals with nearly no thermal effects.^\[[@R17]\]^ In this study, we investigated the interaction between endothelial cells and osteoblasts, which play primary roles in angiogenesis and osteogenesis, under LIPUS stimulation. We found that LIPUS significantly promoted vessel tube formation. The effect of ultrasound on blood vessels, that blood vessels absorb ultrasound energy and this initiates effects on blood cells, was proven by Alekseev et al.^\[[@R18]\]^ Hanawa et al^\[[@R19]\]^ found that LIPUS improved regional blood flow and increased VEGF expression, strongly suggesting the beneficial effect of LIPUS on angiogenesis. Alternatively, different researches have believed that endothelial cells can sense dynamic mechanical strain, and release ATP in response to mechanical stimulation.^\[[@R20],[@R21]\]^ In addition, VEGFR2, a receptor of VEGF, is reported to be a mechanosignaling cascade initiator after it senses mechanical forces. The study has proven that LIPUS affects endothelial cells, and the response of endothelial cells may initiate a cascade amplification effect downstream that impacts osteogenesis.

ALP, which is closely related to calcium phosphate and its deposition in bone, is an early marker that appears before the onset of bone mineralization.^\[[@R22],[@R23]\]^ Many studies have demonstrated the osteogenic effect of LIPUS in vivo and in vitro. Runx2, Osterix, and ALP, as osteogenic differentiation markers, were found to be significantly increased after LIPUS treatment in human mandibular fracture hematoma-derived cells.^\[[@R24]\]^ A study by Southwood et al. showed that the concentration of ALP was decreased in nonunion fractures, indicating the predictive ability of ALP during bone regeneration with an accuracy of 96%.^\[[@R25]\]^ Runx2 acts as a nucleic acid scaffold, and regulates other factors relating to skeletal gene expression. Sugawara et al. found that Runx2 is constitutive in human bone development. In addition, Runx2 is overexpressed in osteosarcoma cells, whereas its expression is limited in less differentiated cells, such as chondrogenic tumors.^\[[@R26]\]^ Osterix acts downstream of Runx2 during bone formation, as it has been shown to be absent in Runx2-null mice.^\[[@R27]\]^

During the process of bone regeneration, microvessels secrete many pro-osteogenesis molecules such as oxygen, and calcium and phosphate ions. Bo et al. found that the expression of osteocalcin and ALP mRNA was significantly elevated with the presence of HUVECs in MG-63 cell cultures, indicating the positive effect of endothelial cells on osteoblast differentiation.^\[[@R28]\]^ In the present study, we investigated the expression of these factors, which are pivotal for bone regeneration. In our coculture system, LIPUS treatment of endothelial cells significantly increased the expression of the proliferation marker Cyclin-D1 and the differentiation markers Osterix, Runx2, and ALP in osteoblasts, indicating that existence of endothelial cell-promoted proliferation and differentiation of osteoblasts. These results demonstrated the involvement and pro-osteogenesis effect of endothelial cells on osteoblasts in the coculture system under LIPUS stimulation.

There are some limitations of the present study. Our study only focused on the effect of LIPUS in an endothelial cell--osteoblast coculture system. Further study should compare these results with an osteoblast monoculture system to determine if there is a synergistic effect of endothelial cells and LIPUS stimulation. Future study should also investigate the relationship between LIPUS, angiogenesis, and osteogenesis in an animal model, which takes the in vivo physical reaction into consideration.
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